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Capabilities:

Sensors & Sensing:

Reasoning Architecture:
Prognostic Results -
Uncertainty 
Management/
Accounting for 
Extreme Operating 
Conditions

0 10 20 30 40 50 60 70 80 90 100
0

1

2

3

4

5

6

7

operating under severe conditions

Real Signal

Prediction

Time

Power
Spectrum
Density

0 10 20 30 40 50 60 70 80 90 100
0

1

2

3

4

5

6

7

60%
adjustment

Power
Spectrum
Density

Time

0 20 40 60 80 100 120
0

1

2

3

4

5

6 With reinforcement 
learning - management of uncertainty

96 97 98 99 100 101
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Accumulate experts’ opinion to effect causal adjustment

Fault prognosis without casual adjustment Fault prognosis with casual adjustment

ProcessProcess

Feature 
Extraction
Feature 

Extraction
Fault 

Classifier
(WNN)

Fault 
Classifier

(WNN)

DWNN -
Failure

Progression 
Prediction

Fuzzy
Analytic

Hierarchy 
Process

Fuzzy
Analytic

Hierarchy 
Process

Virtual
Sensor
(WNN)

signals

features

fault
classes

time-to-failure/
time-to-maintenance

Diagnostician

Prognosticator
(Committee Networks)

Causal AdjustmentsDatamining

Case-based
Diagnostic 
Reasoner

Case-based
Diagnostic 
Reasoner

Scenario
Generator -

Extreme 
Operating 
Conditions

Scenario
Generator -

Extreme 
Operating 
Conditions

Central DB CBM
maint. schedule

causal factors

time-to-failure

- Asset strategy DB
- Diagnostic Case-lib DB
- Historical external disturbances DB
- Raw data DB
- Features DB
- etc.

Failure Progression Prediction
Architecture

CPNN -
Uncertainty 

Representation 
& Management

• WNN - Wavelet Neural Network
• DWNN - Dynamic Wavelet Neural Network
• CPNN - Confidence Prediction Neural Network
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Display of the Current System under Prognosis

Prognosis Recommendations

Display of the Prognostic Curves

Selection of Prognostic Methods

Properties

of Displays

GT Experience in Diagnostics & 
Prognostics

Micro-crack Detection

Chiller fault detection and 
failure progression 

estimates

Bearing and nozzle fault predictions

Comp ressor Pre-rotation Vane

Condenser

Evaporator

•Compressor Stall & Surge
•Shaft Seal Leakage
•Oil Level  High/Low
•Aux. Pump  Fail
•Oil Cooler Fail
•PRV/VG D Mechanical Failure

•Condenser Tube Fouling
•Condenser Water Control Valve Failure
•Tube Leakage
•Decreased S ea Water Flow

•Target Flow Meter Failure
•Decreased Chi lled Water Flow
•Evaporator Tub e Freezing •Non Cond en sable Gas in Refrigerant

•Contaminated Refrigerant
•Refrigerant Charge H igh
•Refrigerant Charge Low

•SW in/out temp.
•SW flow
•Cond. press.
•Cond. PD press.
•Cond. liquid out temp.

•Comp. suct. press. /temp.
•Comp. disch. press./temp.
•Comp. oil press./flow (at  required points)
•Comp. bearing oil temp
•Comp. suct. super-heat
•Shaft seal interface t emp.
•PRV P osit ion

•Liquid line temp.
•(Refrigerant weight)

•CW in/out temp./flow
•Eva. temp./press.
•Eva. PD press.
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Figure 1 Original signals: normal &

0 100 200 300 400 500 600 700 800 900 100
-4

-2

0

2

4

6

0 2
0

4
0

6
0

8
0

10
0

12
0

14
0

0

0.0
5

0.
1

0.1
5

0.
2

Figure 2 Spectra: good &
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Failure Progression Prediction for Critical Navy Shipboard Systems

A Hierarchical Reasoning Architecture for Failure Progression Model Predictions

• Prognostics Laboratories
– Phenomenology– Seals and 

Bearing Lab and Test Rigs
– Sensors (Eddy Current, 

Pressure, Temperature, 
Accelerometers, Acoustic 
Transducers, etc.)

– Real-time Diagnostics and 
Prognostics Systems

• MEMS Technology Laboratories
– High Temperature 

Environment
• Rapid Prototyping Facility
• Evolutionary Algorithm 

Development Laboratories
• Direct Experience with Ground 

Vehicles and Aircraft
• Advanced Signal Processing and 

Feature Extraction

 shaft

rotor

stator

proximity
probe

lip seal
contacting seal carbon ring

sealing dam
rotor chamber

pressurized air pressurized water
spindle

Part I Part II Part III

Instrumented Mechanical 
Face Seal Test Rig

Loss of Functionality: Material Degradation, Face Wear, Cracking, Deformation, and Blistering.
Use Sensors for Diagnosing Failure Onset,
Apply Life Estimations, Apply Active Control
for Life Extension and Restore Functionality.

Sensors:
• Eddy current proximity probes, 

thermocouples, pressure
transducers apply sensor fusion.

• Prefer mature/proven technology.
• Commonly employed in high-speed 

turbomachinery.
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Rotor Angular Response Orbit

Health-mode Operation (in Real-Time)

Failed-mode Operation (in Real-Time)
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Seal Control – Damage  Reduction/Elimination

Controlled Seal:
• Rotor better tracks stator misalignment
• Virtual elimination of higher harmonic oscillations
• Closer to circular orbits, i.e., noncontacting operation

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Time (sec.)

0.0016

0.0017

0.0018

0.0019

0.0020

0.0021

0.0022

0.0023

0.0024

0.0025

R
ot

or
 m

is
al

ig
nm

en
t, 
γ r

, (
ra

d)

stator misalignment = 2 mrad

control on
(1st time)

control on
(2nd time)

control off
(1st time)

control off
(2ndtime)

control off
(3rd time)

control on
(3rd time)

0.0016 0.0017 0.0018 0.0019 0.0020 0.0021 0.0022

γξ  (rad)

0.00 03

0.00 04

0.00 05

0.00 06

0.00 07

0.00 08

γ η
 (r

ad
)

contro l o ff,  1s t time
contro l on , 1 st tim e
contro l o ff,  2n d t im e
contro l on , 2 nd t im e
contro l o ff,  3rd  t ime
contro l on , 3 rd time

contro l o ff

c ontro l on

Supercritical 2X Component

Theory

Exper.

Experimental Orbits at various 
crack depths

Multi-Fault Prognostics 
System: Crack Detection in 

Seal/Rotor Driving Shaft

Proposed Optional
Application

Domain:

Application: Propulsion Systems

Mechanical Face Seals
•Most Effective for high pressure, high temperature, high speed (i.e., high performance)  applications.
•First in the “line of defense” (protect gears, bearings, etc.)
•Are bound to fail!

Model-Based Decision Support Architecture for Condition Based Maintenance
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An Intelligent Agent

A Multiagent Diagnostic/Prognostic Framework

Intelligent Multiagent Systems
• Hierarchical Reasoning - Janus Effect; Near 

Decomposability; Part-Whole Relationship
• Distributed Knowledge-base; Hierarchically Organized
• Fault-Tolerant - Agents designed to detect faults and 

reconfigure functions appropriately
• Deployment of Agents at Multiple Levels of Abstraction
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Error-Tolerant Multi-Agent Architecture: Runtime Error-Tolerance
• Does not assume that peer agents and user will be error-free

• Agent execution model that allows agents to continue acting “reasonably” even when errors occur
• Hierarchical Reasoning helps continued activity even when part of the system fails or behaves erroneously

• Automatic “repair” action
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New Sensor Concept Applied to Monitoring of
Roller Taper Bearings 

Non Vibrating Contact
Potential Difference (CPD) 
Sensor

-6

-4

-2

0

2

4

6

0 0.01 0.02 0.03 0.04 0.05

Time (s)

Vc
pd

 (V
)

V
V
defect

normal
= 0 5 08. ~ .

CPD signal of a roller with an 
EDM defect

Th e George W . Wood ruff School of Mech anical E ng ineering

Probe 1 Probe 2

Bearing
house

Shaft

Cup

Roller

Cone

Connecting
rod

Experimental Setup
torque on bolts
imposes load on bearings
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